The subventricular zone (SVZ) is one of the sources of adult neural stem cells (ANSCs) in the mouse brain. Precursor cells proliferate in the SVZ and migrate through the rostral migratory stream (RMS) to the olfactory bulb (OB), where they differentiate into granule and periglomerular cells. Few transcription factors are known to be responsible for regulating NSC proliferation, migration, and differentiation processes; even fewer have been found to be responsible for the organization of the SVZ and RMS. For this reason, we studied the ventral anterior homeobox (Vax1) gene in NSC proliferation and in SVZ organization. We found that Vax1 is strongly expressed in the SVZ and in the RMS and that, in the absence of Vax1, embryonic precursor cells proliferate 100 times more than wild-type controls, in vitro. The SVZ of Vax1 Ϫ/Ϫ brains is hyperplastic and mostly disorganized, and the RMS is missing, causing a failure of precursor cell migration to the OBs, which as a result are severely hypoplastic. Moreover, we found that Vax1 is essential for the correct differentiation of ependyma and astrocytes.
Introduction
The telencephalic subventricular zone (SVZ) is the main source of adult neural stem cells (ANSCs) in rodents, generating olfactory bulb (OB) neurons (Alvarez-Buylla et al., 2001; Doetsch and Scharff, 2001; Kornack and Rakic, 2001; Pencea et al., 2001; Doetsch, 2003) . The SVZ consists of a thin layer of cells in active proliferation throughout adulthood, covering the walls of the lateral ventricles (Doetsch et al., 1999; Johansson et al., 1999) . In the postnatal brain, in direct contact with the lumen of the ventricle, are the multiciliated ependyma, marked by Noggin. In close contact with the ependyma is a special population of astrocytes (B-cells), labeled by Nestin, glial fibrillary acidic protein (GFAP), and vimentin (Doetsch et al., 1999) . B-cells are the in vivo bona fide ANSCs (Doetsch et al., 1999) and randomly extend protrusions intercalating with ependymal cells. Besides symmetric divisions, B-cells generate a transit amplifying population of cells (C-cells) that expresses Nestin, Dlx2, and Dlx1 (Doetsch et al., 1999; Saino-Saito et al., 2003) . C-cells give rise to a third type of precursor, the migrating neuroblasts (A-cells), which express TUJ1, DLX2, DLX1, and polysialylated-neural cell adhesion molecule (Miragall et al., 1990; Bonfanti and Theodosis, 1994; Ben-Hur et al., 1998; Saino-Saito et al., 2003) . These cells delaminate in the anterior SVZ (SVZa) and migrate toward the OB at ϳ30 m/hr, through chain migration (Lois et al., 1996; GarciaVerdugo et al., 1998) . The anterior migration of neuroblasts generates a protrusion of the SVZ called the rostral migratory stream (RMS) (Altman, 1969) .
Little is known about the genetic determinants that regulate proliferation and differentiation of the SVZ (for review, see Doetsch, 2003; Alvarez-Buylla and Lim, 2004) . By perturbing Emx2 expression in cultured SVZ precursors, it was shown that Emx2 regulates the proliferation of multipotent NSCs in a negative manner, likely by diminishing their capacity for selfmaintenance (Galli et al., 2002) . Given the role for Emx2 in SVZ proliferation, in this work we focused our attention on the function of Vax1, a homeobox gene evolutionary related to Emx2
Materials and Methods

Mutant mice
Vax1
Ϫ/Ϫ mice die at birth because of a severe cleft palate (Bertuzzi et al., 1999; Hallonet et al., 1999) , however 6% of Vax1 Ϫ/Ϫ mice live up to 3 weeks of age. This study has mainly focused on these rare survivors (n ϭ 15), because it was possible to study the postnatal SVZ and RMS.
Ϫ/Ϫ embryos were generated by crossing heterozygous mice on a 129SV ϫ C57BL/6 background. Genotyping was performed by PCR. Embryos were obtained from pregnant females at various stages of development. Noon of the day when the vaginal plug was identified was considered as E0.5, and embryos were subsequently staged according to morphological criteria and processed as described previously (Taglialatela et al., 2004) .
Electron microscopy
P0 (n ϭ 6) and P15 (n ϭ 2) WT mice and Vax1 Ϫ/Ϫ littermates were anesthetized and perfused transcardially with 100 ml of Karnovsky's fixative [2% paraformaldehyde (PFA) and 2.5% glutaraldehyde]. Electron microscopy was performed as described previously (Doetsch et al., 1997) . Cells in the ventricular zone were classified as multiciliated ependymal cells if they matched two or more of the maturation criteria: (1) presence of more than one cilium; (2) presence of more than one basal body; (3) presence of electron-dense aggregates; and (4) presence of few cytosolic organella. Immature uniciliated ependymal cells were identified following these criteria: (1) presence of an abundant endoplasmic reticulum; (2) presence of a single cilium; and (3) presence of a centriole perpendicular to the basal body (Tramontin et al., 2003) .
Astrocytes in the SVZ were identified according to ultrastructural criteria (Doetsch et al., 1997) . The area and perimeter of the nucleus of 30 astrocytes for each genotype was quantified using IMAGE BETA 4.0.2 software (Scion, Frederick, MD).
In situ RNA hybridization
In situ hybridization was performed on frozen sections with digoxigeninlabeled probes, as described previously (Taglialatela et al., 2004) . Reactive tissues were revealed by incubation with the alkaline phosphatase substrate BM-Purple (Roche).
Immunohistochemistry
Tissue sections were postfixed in 4% PFA for 5 min, rinsed in PBS, and blocked in 10% normal goat serum/0.1% Triton X-100 at room temperature for 1 hr. The following antibodies were incubated overnight in 0.1% normal goat serum and 0.1% Triton X-100 at 4°C: rat anti-mouse KI-67 (catalog #M7249; 1:100; Dako, High Wycombe, UK), anti-tyrosine hydroxylase (TH) (catalog #T1299; 1:10,000; Sigma, St. Louis, MO), anti-GFAP (catalog #G-3893; 1:10,000; Sigma), anti-neural class III ␤-tubulin (catalog #MM-S405-P; 1:500; Babco, Richmond, CA), rabbit polyclonal anti-ER81 (1:1000; generous gift from Dr. S. Arber, Biozentrum, University of Basel, Switzerland), anti-caspase III (1:500; Idun Pharmaceutical), anti-GABA (catalog #A2052; 1:1000; Sigma), antineuron-specific nuclear protein (NeuN) (catalog #MAB377B; 1.100; Chemicon, Temecula, CA), and anti-bromodeoxyuridine (BrdU) (catalog #B2531; 1:100; Sigma). Anti-KI-67 staining was performed after heat induction epitope retrieval in 10 mmol/l citrate buffer, pH 6.
Sections were incubated for 1 hr with biotinylated secondary antibodies: goat anti-rabbit (1:100; Jackson ImmunoResearch, West Grove, PA), goat anti-mouse (1:100; Jackson ImmunoResearch), or donkey anti-rat (1:500; Jackson ImmunoResearch). Subsequently, tissues were incubated for 30 min with an avidin-biotin-peroxidase complex (Elite PK-6100; Vector Laboratories, Burlingame, CA) and revealed with DAB peroxidase substrate (SK-4100; Vector Laboratories). For fluorescent immunohistochemistry, sections were incubated for 1 hr with goat anti-mousecyanine 3 and goat anti-rabbit-FITC (1:100; Jackson ImmunoResearch). Terminal deoxynucleotidyl transferase-mediated biotinylated UTP nick end labeling (TUNEL) histochemistry assay was performed using an ApopTag Plus Fluorescein apoptosis detection kit (catalog #S7111; Intergen, Purchase, NY).
Organotypic slice cultures
Analysis of cell migration by 1,1Ј-dyoctodecyl-3,3,3Ј,3Ј-tetramethylindocarbocyanine labeling . Experiments were performed as described previously (Taglialatela et al., 2004) . To trace the migratory pathway of neurons from the lateral ganglionic eminence (LGE) to the OB, we placed small crystals of 1,1Ј-dyoctodecyl-3,3,3Ј,3Ј-tetramethylindocarbocyanine (DiI) (Molecular Probes, Eugene, OR), or a piece of bamboo soaked in DiI, in the region of interest. Cultures were incubated for 48 hr in Neurobasal medium as described previously, subsequently fixed in 4% PFA for 1 hr, and examined by fluorescence microscopy.
Tissue transplantation in vitro. We crossbred transgenic ␤-actin-green fluorescent protein (␤-actin-GFP ϩ/Ϫ ) mice (Okabe et al., 1997) mice were used as receivers for the transplant. Dissected brains were included and sectioned sagittally using a vibratome. Slices were collected in a Petri dish filled with 0.1 M PBS and 0.6% glucose at 4°C. Selected slices were placed on Millicell CM membranes, where the region of interest (SVZ) was carefully dissected from the donor slice (using a glass microneedle) and transplanted into a comparable host section at the level of the SVZa. Cultures were incubated for 1 hr with DMEM/F-12, 6.5 mg/ml glucose, 0.1 mM glutamine, 50 mg/ml penicillin-streptomycin, and 10% FCS and subsequently incubated for 2 d in Neurobasal medium supplemented with B27. After rinsing in PBS, slices were fixed. Migrating GFP-positive cells were analyzed by confocal microscopy (MRC-1024; Bio-Rad, Hercules, CA).
DiI tracing
Normal and Vax1 Ϫ/Ϫ postnatal mice were anesthetized and perfused transcardially with 4% PFA. A small volume of DiI solution (3 mg/ml, dissolved in DMSO) was injected carefully into the nasal cavities using a glass microneedle. Immediately after the injection, the nasal cavities were sealed with 2% PFA-2% agarose. The tissue was protected from the light and kept for 3 weeks in semisolid 2% PFA-2% agarose at room temperature. Serial 100 -150 m vibratome sections were cut in a sagittal plane and examined by fluorescence microscopy.
Neurosphere assays
NSC cultures were established as described previously (Reynolds and Weiss, 1992; Gritti et al., 1999; Galli et al., 2002) . Tissues obtained from WT and Vax1 Ϫ/Ϫ mouse LGE at E15.5 and P0 were mechanically dissociated with a fire-polished Pasteur pipette, and single-cell suspensions were plated in DMEM/F-12 basal medium in the presence of epidermal growth factor (EGF) and FGF2. Separate cell lines were established from single embryos, and their genotype was confirmed by DNA-PCR. For population analysis, cells were plated at 8000 cells/cm 2 , and the formed spheres were collected and dissociated every 3 d. The total number of viable cells was assessed at each passage by trypan blue (Sigma) exclusion.
In vivo birthdating analysis
Experiments were performed as described previously (Taglialatela et al., 2004) . Pregnant mothers and early postnatal mice were given intraperi-toneal injections of a dose of 100 mg of BrdU/gm of body weight. Animals were anesthetized and perfused transcardially with 4% PFA in 0.1 M PBS.
Determination of cell cycle length by BrdU incorporation
WT as well as mutant-derived stem cells were plated at a cell density of 30,000 cells/cm 2 on 10 mm Matrigel-coated glass coverslips in neurospheres-A medium containing 1 M BrdU (Roche) for up to 54 hr. Cells were fixed in 4% PFA and stained with a monoclonal anti-BrdU antibody (ready to use; Amersham Biosciences, Piscataway, NJ). Nuclei were labeled with 4Ј,6-diamidino-2-phenylindole (DAPI). One thousand cells (identified by DAPI staining) were counted per coverslip. The relative labeling index (LI) was plotted against the BrdU labeling time to obtain an S phase cumulative labeling curve (Tang et al., 2000) . LI(t) and the correlation index r were determined in the linearity interval by linear regression methods. Using the formula y ϭ ax ϩ b, we determined Tc ϭ 1/LI(t).
Determination of cell viability by 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl-2H-tetrazolium bromide assay
Cells were plated onto Matrigel-coated 96-well plates (10,000 cells/well). At every time point, 1 hr before collection, the tetrazolium dye 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl-2 H-tetrazolium bromide (MTT) (5 mg/ml in PBS; Sigma) was added to the medium (final dilution, 500 g/ml). The pale yellow redox indicator MTT is reduced to a dark blue end product, MTT-formazan, by the mitochondrial dehydrogenases of living cells. After a 1 hr incubation at 37°C, the medium was discarded, and cells were lysed by adding 50 l of DMSO. After 15 min at room temperature, MTT reduction was measured spectrophotometrically at a wavelength of 550 nm.
Results
Vax1 is expressed in the postnatal SVZ and RMS
We have recently shown that during development, Vax1 is expressed in the SVZ of the subcortical telencephalon (Hallonet et al., 1998; Taglialatela et al., 2004) . We have now studied Vax1 expression in the SVZ of the postnatal brain, a stage at which Vax1 expression has never been reported before. Interestingly, Vax1 expression is readily detected by in situ hybridization and is highly restricted to the two neurogenic areas of the postnatal brain, the SVZ and the hippocampus (Fig. 1 ) (data not shown), where it is also maintained throughout adulthood (data not shown). P20 Vax1 is strongly expressed in a thin layer of cells in the periventricular area of the SVZ and in the RMS (Fig. 1 A, B) . The cellular composition and the cytoarchitecture of the SVZ and RMS are well characterized at the ultrastructural level and are known to contain different cell types, as described in Introduction. As shown in Figure 1 A, the expression of Vax1 in the SVZ and RMS seems rather homogeneous, possibly indicating that Vax1 expression is not restricted to a particular cell type. Here we focus on the role of Vax1 in the young adult telencephalic SVZ.
The RMS is absent in Vax1
Ϫ/Ϫ mice The RMS is a structure fully completed by P20 (Peretto et al., 1997 (Peretto et al., , 1999 Law et al., 1999) . We examined the RMS in these mice and found that it was greatly reduced, if not completely absent. Figure 2 , A and B, shows eosin-hematoxylin staining of a P20 Vax1 mutant brain in a sagittal orientation. As can be seen in the WT brain, the RMS is darkly labeled by the hematoxylin purple stain, displaying its characteristic sigmoid shape (Fig. 2 A) . However, in a corresponding section of a Vax1 mutant, the RMS is not organized (Fig. 2 B) . In few mutants (ϳ10%) it is possible to recognize a faint RMS, but in the vast majority of the brains that we have analyzed (n ϭ 16), the RMS is missing altogether. It is evident from the observation of semithin sections (Fig. 2C,D In summary, in the absence of a functional Vax1 gene product, we observed an expanded SVZ (ϳ10 times the normal size) and a lack of RMS formation. We then addressed the consequences of this major defect on the OB, which in Vax1 Ϫ/Ϫ mice appear severely hypoplastic (Fig. 2G ).
The OBs in Vax1
Ϫ/Ϫ mice are severely hypoplastic In the OB, cells that migrate from the SVZ differentiate into granule and periglomerular cells and stain positive for TH ( Fig.  3A ) (Wichterle et al., 1997; Doetsch et al., 1999) [for a general organization of the OB, see Long et al. (2003) ]. In WT mice at P20, TH staining reveals well formed glomeruli in the peripheral layers of the OB (Fig. 3A) , whereas they are completely missing in the mutant OB (Fig. 3B ). We considered that TH-positive cells in the OB are extremely sensitive to denervation and that they undergo rapid apoptosis if synapses with the olfactory nerve are lost (McLean and Shipley, 1988) . Because Vax1 is also expressed in the olfactory epithelium (OE) (data not shown), we were concerned that the loss of TH-positive cells in the OB could be the result of a lack of olfactory innervation. To rule out this possibility, we injected the fluorescent tracer DiI in the OE of P0 Vax1 Ϫ/Ϫ mice and allowed 3 weeks for the dye to reach the OB. As shown in Figure 3E -H, the innervation of the OB is maintained in Vax1 Ϫ/Ϫ brains, which clearly present axonal bundles that cross the lamina cribrosa making contact with the glomeruli in the OB (Fig. 3H, arrows) . In Vax1 Ϫ/Ϫ mutants, the innervation of the OB is also maintained during postnatal stages: immunohistochemistry experiments using the olfactory marker protein as a marker of OE axons reveal innervation of the OB also at P20 (data not shown). It is worth noting that mitral cells, which differentiate in loco and stain positive for the surface molecule Reelin (Alcantara et al., 1998) , are present in the mutant OB (Fig. 3D) . However, we could detect fewer numbers of disorganized mitral cells in the Vax1 Ϫ/Ϫ OBs. We attribute this finding to a secondary defect caused by the loss of circuit organization in the mutant OB.
The population of ER81-positive precursor cells is dramatically expanded in the LGE of Vax1 mutants
As we have shown in Figure 2 A-D, in the absence of Vax1, the SVZ is widely expanded, and at the ultrastructural level, it is evident that it is severely perturbed in the LGE portion (see below). We wanted to determine what type of precursor cells are involved in the SVZ expansion. Recently published work has demonstrated that the LGE contains two different populations of precursor cells (Stenman et al., 2003) . In the ventral LGE, a pool of precursors labels positive for the lin-11 isl-1 mec-3 homedomain protein Islet-1 (ISL1) and is destined to become the projection neurons of the corpus striatum, whereas a second pool, located in the dorsal LGE, is positive for the Ets domain transcription factor ER81 and is fated to migrate through the RMS to generate granule and periglomerular cells of the OB. We were interested in this latter population of precursors, which we suspected could be affected in the Vax1 mutant brain, given the hypoplasticity of the OB and the RMS defect. To our surprise, instead of a reduction in the ER81-positive cells, we detected a significant expansion of this population of cells at the expense of the ISL1 population, which is dramatically reduced at E15.5 (Fig.  4) . At this stage, we also detected aberrant precursor cell hyperproliferation within the SVZ (Taglialatela et al., 2004) .
At P0 in WT brains, the SVZ is a rather thin layer of cells protruding toward the OB, clearly labeled by the antibody anti- Fig. 4 A) , whereas in Vax1 mutants, this area is dramatically expanded (ϳ10 times the expected size), rich in ER81-positive cells. Given the expansion of the SVZ at P0, we wanted to understand whether cells contained in the SVZ were still actively proliferating at this stage. KI-67 is a protein expressed by all proliferating cells and is absent in the G 0 phase (Scholzen and Gerdes, 2000; Scholzen et al., 2002) . As expected, cells actively proliferating (therefore KI-67 positive) are readily detected in the SVZ and in the RMS in a WT brain (Fig. 4C) . In Vax1 mutants, there are also many cells actively proliferating, but the distribution of these proliferating cells is abnormal: they are mostly located in the periventricular area, and they are not protruding anteriorly toward the OB (Fig. 4C,D) , perhaps suggesting that cells are aberrantly stalling in the deeper SVZ. The sections shown in Figure 4 , B and D, belong to the same brain and are adjacent to each other. By comparing these sections, it is evident that a large portion of the mutant-expanded SVZ (the anteriormost part; dashed line) is stained by ER81, but it is not positive for KI-67 and thus not proliferating. Therefore, the expanded SVZ at P0 contains a composite population of precursor pools, which ultimately is unable to properly give rise to the OB granule and periglomerular cells (Fig. 3) (see below) . However, if we compare the image taken at P0 in Figure 4 B with that taken at P20 (Fig. 3B) , we notice that during gestation some migration occurs, albeit inefficiently, from the SVZ to the OB (note some ER81-positive cells in the OB), whereas the absence of chain migration, indispensable at mature stages, makes migration from the SVZ to the OB impossible at these stages.
ER81 (
We wanted to understand whether this expanded SVZ contained long-term surviving cells or a continuously renewing population of precursors. We have performed BrdU birthdating experiments by injecting BrdU intraperitoneally in pregnant dams at E14, followed by anti-BrdU immunohistochemistry either at P0 (Fig. 5 A, BЉ) or at P14 (supplemental Fig. 1 , available at www.jneurosci.org as supplemental material). Our results indicate that indeed a large fraction of cells proliferating at E14 is still present at P0 (Fig. 5BЈ ) and also at P14 (supplemental Fig. 1 , available at www.jneurosci.org as supplemental material) and that although many cells born at E14 express the neurotransmitter GABA in the WT OB (Fig. 5AЉ, arrows) , very few cells born at this stage are expressing GABA in the mutant OB (Fig. 5BЉ) , indicating, as expected, a failure in the correct differentiation of these precursors. However, not all of the cells born at E14 are likely to be still present in the P0 SVZ. In fact, if we compare AЈ with BЈ in Figure 5 , we notice a decrease in BrdUϩ cells in the Vax1 Ϫ/Ϫ mutants. A semiquantitative count of mitotic cells in a surface of 1600 m 2 indicates a decrease in BrdUϩ cells of ϳ35% in knock-out (KO) mice. This result is in agreement with the increased cell death that we have detected in the mutant SVZ (Fig.  2 E, F ) . Similar results were obtained by testing survival from P14 to P19 (Fig. 5C,D) .
In summary, in vivo, we attribute the formation of the expanded SVZ to a continuous proliferation, both during embryogenesis and postnatal life, of precursor cells capable of long-term survival that accumulate in the SVZ, failing to migrate to the OB and to differentiate.
Neurosphere cultures show hyperproliferation in Vax1
Ϫ/Ϫ
NSCs derived at E15.5 but not in those derived at P0
The postnatal SVZ is one of the reservoirs of the important population of neural stem cells, which can be selectively cultured in vitro as neurospheres under specific serum-free conditions in the presence of growth factors such as EGF and FGF2 (Reynolds and Weiss, 1992; Gritti et al., 1999; Galli et al., 2002) . These culture conditions represent a stringent method by which only the stem cell component of a given neural cell population is progressively enriched (Gritti et al., 1999; Galli et al., 2002) . To better characterize the biological properties of the precursor cells present in the SVZ expanded zone of the Vax1 mutant brain, we have established long-term growing NSC cultures from the LGE of Vax1 Ϫ/Ϫ and WT littermates at E15.5 and at P0, approximately at the same developmental stages at which the in vivo analysis was performed (Fig. 4) . As shown in Figure 6 A, the growth rate of NSCs, isolated from the LGE at E15.5 (i.e., when in vivo we observe the Er81 expansion), is strongly affected by the absence of Vax1. In fact, Vax1 Ϫ/Ϫ cells proliferate at an amazing rate, about two logarithmic orders of magnitude above the WT counterpart.
The situation was instead quite different when we cultured NSCs from the P0 SVZ (Fig. 6 B) . In this case, the proliferation rate of mutant and WT NSCs becomes comparable. At P0, in vivo, we also observe comparable levels of proliferation between wild types and KOs (Fig. 4C,D) , although mitotically active cells are differentially distributed within the SVZ, being concentrated only in the deeper layers of the SVZ of the mutant brain. This suggests that the action of Vax1 on SVZ precursor cell proliferation occurs essentially at embryonic stages and that it has profound repercussions on postnatal SVZ organization.
We used the in vitro culture system to understand the nature of the hyperproliferation defect observed in Vax1 Ϫ/Ϫ cells. Three mechanisms could be responsible for the alteration of the longterm growth rate observed: (1) differential cell survival; (2) a modification of the speed of progression through the cell cycle; or (3) an alteration of the frequency of symmetric (generation of two stem cells) versus asymmetric (generation of one stem cell and one more differentiated precursor cell, incapable of longterm survival) divisions of precursor cells. We started by assessing cell viability by MTT assay (see Materials and Methods), and we determined that there were no differences between the survival capabilities of long-term stem cell cultures in the presence or absence of a functional Vax1 gene product at any time point (Fig.  6 D) . Therefore, to verify whether Vax1 deletion might involve cell cycle alterations, we performed cumulative BrdU-labeling experiments and estimated the duration of the cell cycle (T c ) of both WT and Vax1 Ϫ/Ϫ cells. As shown in Figure 6C , both WT and mutant cells displayed a similar cell cycle time: T c ϭ 80.0 for WT and T c ϭ 77.5 for Vax1 Ϫ/Ϫ cells (n ϭ 3). Of note, Vax1 Ϫ/Ϫ NSCs displayed a higher rate of proliferation when compared with WT NSCs, as determined by the analysis of the mitotic fractions at 24 and 30 hr after plating (Fig. 6C) , thus suggesting that a greater fraction of cells in the Vax1 Ϫ/Ϫ NSC cultures were actively dividing when compared with WT cultures. Given these observations, we have to conclude that the increased total number of Vax1 Ϫ/Ϫ cells in culture, in the absence of altered cell cycle length and survival capabilities together with the presence of increased mitotic fractions, indicates that the absence of Vax1 enhances stem cell generation through increased numbers of symmetric divisions at the expense of asymmetric divisions. Interestingly, this finding is also reported for Emx2, a homeobox gene highly related to Vax1 (Galli et al., 2002) .
The differentiation of precursor cells from the SVZ is compromised
We then wanted to understand how differentiation occurs in vivo in the derivatives of the SVZ. Given the lack of specific markers for each cell type present in the SVZ, currently the most accurate method for the identification of the different cell types is the ultrastructural analysis. We analyzed the ependymal population of cells. Ependyma constitute the first layer of cells surrounding the ventricle. They are multiciliated (Fig. 7A, arrows) , with multiple basal bodies (arrowheads) and a scarce endoplasmic reticulum. As can be observed in Figure 7B , in the absence of Vax1, the majority of cells (e) in the ventricular layer associated with the expanded zone are not multiciliated. Instead, they present a single cilium, an abundant endoplasmic reticulum, and a centriole perpendicular to the basal body (Tramontin et al., 2003) . This is typical of highly undifferentiated ependyma. We have quantified this defect by counting the number of ependymal cells in the WT SVZ and in the mutant medial ganglionic eminence (MGE) and LGE. Because of a delay in development, it is still possible to distinguish between the MGE and LGE, a fact that is not possible in wild type. As shown in Figure 7C , whereas in the WT SVZ most of the ependymal cells are fully differentiated and therefore present many cilia, in the mutant LGE the ventricular zone is instead highly deprived of multiciliated cells. Interestingly, the converse experiment of quantifying the number of uniciliated cells gave complementary results, working as an internal control for our results. To help visualize the phenomenon and to summarize the data, we have drawn a reconstruction of the mutant and WT SVZ (Fig. 7D) , in which blue cells represent uniciliated cells. Note the great reduction of mature ependyma in the mutant SVZ.
Ependyma play an important role in SVZ function and organization. In fact, ependyma secrete Noggin, a potent antagonist of morphogens of the bone morphogenetic protein family, which is crucial in this context for maintaining a defined neurogenic niche in the adult brain (Lim et al., 2000) . Because of the reduction in ependymal cell differentiation, we hypothesized a possible defect in Noggin secretion within the SVZ. As expected, we have observed the complete absence of Noggin in the SVZ at P20 (Fig. 7 E, F ) . Lack of Noggin is the likely cause of aberrant differentiation within the SVZ.
We then studied the expression of GFAP, a well accepted marker for the astrocytic population of cells. In the RMS, neuroblasts (A-cells) migrate wrapped in gliotubes, formed by GFAP-positive cells. As shown in Figure 8 A, in P20 WT brains, GFAP immunohistochemistry reveals an abundant presence of astrocytes in the SVZ. Within the RMS, GFAP labels cells located at its borders, and the center of the RMS is unstained for GFAP because it contains mainly the GFAP-negative A-and C-cells. If we compare this situation with that displayed by the Vax1 mutants (Fig. 8C,D) , we notice a significant reduction of GFAP expression in the SVZ, because of the poor differentiation of the astrocytes present in this area. In fact, in the RMS the presence of GFAP-positive cells is severely compromised or completely absent (Fig. 8 D) . At the ultrastructural level, mature astrocytes are characterized by marked nuclear convolutions (Fig.  8 E, arrows) and by the presence of distinct nucleoli (arrowhead) (Doetsch et al., 1997) . None of these features are present in the mutant astrocytes, which instead display round nuclei, devoid of nucleoli (Fig. 8 F) . We also calculated the area/perimeter ratio for astrocytes in WT and mutant astrocytes: Vax1 KO mice present higher ratios (0.88) than WT mice (0.51).
Migration from the SVZ is severely compromised in
Vax1
Ϫ/Ϫ mice The hypoplastic OBs of the Vax1 mutants, the absence (or severe reduction) of the RMS, the expansion of the SVZ, and the impaired differentiation of the several cell types within the SVZ/ RMS point to a possible migration defect from the SVZ toward the OB. This fact is also supported by abnormal ultrastructural data. As shown in Figure 9 , A and B, the round-shaped migrating neuroblasts are surrounded by many abundant intercellular spaces (arrows in A), which have been proposed to be a sign of cellular migration (Jankovski and Sotelo, 1996; Doetsch et al., 1997). If we compare A with B in Figure 9 , we notice that in Vax1 mutant brains the intercellular spaces are absent, suggesting a possible migration defect of the A-cells.
To obtain a functional proof of this, we performed organotypic slice cultures (Fig. 9C-F ) and Matrigel cultures (supplemental Fig. 2 , available at www.jneurosci.org as supplemental material) from P0 WT and Vax1 Ϫ/Ϫ brains sectioned in a sagittal orientation. We then implanted an acrylic bead soaked in DiI in the SVZ of both WT and Vax1 mutant slices and let the culture develop for 48 hr. As a result (Fig. 9C-F ) , it became readily clear that cells located in the deep SVZ of WT slices can migrate at a very fast rate; for example, the cell indicated by the arrow (Fig.  9C ), shown at a higher magnification in the inset, displays the typical migrating morphology with a clear leading edge and has traveled over a distance of 1 mm in 48 hr. On the contrary, if we observe the Vax1 mutant slices (Fig. 9E) , not a single cell is capable of migrating away from the SVZ.
The defect of migration from the SVZ is mostly of a cell nonautonomous nature
To understand whether altered differentiation of the RMS prevents the migration of precursor cells from the SVZ to the OB, we performed transplant experiments (n ϭ 12). We have crossbred Ϫ/Ϫ mice at P0 analyzed by transmission electron microscopy. Although in wild type the SVZ contains many migrating neuroblasts, separated by clear intercellular spaces (arrows), the mutant SVZ does not present any anatomical evidence of migration. C-F, Cell migration tracing by DiI injection. In P0 WT brain (C, D), DiI-labeled cells in the SVZ can migrate to the OB after 48 hr in culture. The inset in C shows a migrating DiI-labeled cell in the OB with an elongated cell body a long leading process. No sign of migration was detected in mutant mice when a DiI crystal was placed in the internal expanded zone (EZ) (E, F ). D, F, Bright-field images of C and E. Scale bars: C-F, 500 m.
Vax1
ϩ/Ϫ mice with ␤-actin-GFP transgenic mice (Okabe et al., 1997) to label all of the SVZ cells. We were therefore able to transplant a P0 Vax1 Ϫ/Ϫ GFP-positive SVZ into an organotypic slice culture of a WT P0 brain (Fig. 10 A-D) . After culturing the slice for 40 hr, we could detect a large number of GFP-positive cells directed toward the OB. Although the migration does not resemble the tight chain migration typical of the RMS, the general direction and the rate of migration seems appropriate (400 m/36 hr), indicating that within the mutant SVZ there are cells capable of migration, if placed in the correct environment. This would argue for a cell nonautonomous nature of the defect. We also performed the converse experiment (Fig.  10 E-J ) by transplanting WT GFP-positive SVZ cells into a P0 Vax1 KO organotypic slice. As can be observed, in this case, the rate of migration is greatly reduced (Fig.  10, compare H, I with D) in number, distance traveled (maximum, 150 -200 m/36 hr), and direction (very few cells take a ventroanterior pathway, where the RMS would be formed). These results suggest that although the SVZ contains a diversified population of cells in different proliferative and differentiative states, the lack of correct differentiation of the cell types that compose the RMS and the consequent organization of the RMS itself is greatly compromising the postnatal migration from the SVZ to the OB, severely impairing the OB interneuron turnover.
Discussion
Vax1 is expressed in the neurogenic areas of the postnatal brain Vax genes have been proven fundamental transcription factors for eye development (Bertuzzi et al., 1999; Hallonet et al., 1999; Ohsaki et al., 1999; Schulte et al., 1999; Barbieri et al., 2002; Take-uchi et al., 2003) . More recently, Vax1 was shown to play an important role in subcortical telencephalon development (Hallonet et al., 1999; Taglialatela et al., 2004) ; however, the expression and the possible function of Vax1 in the postnatal brain was never addressed before. Here we studied the expression and the function of Vax1 in the SVZ at postnatal stages, when the SVZ and the RMS have completed their developmental stages, focusing mainly on a P20 stage. We have detected, by in situ hybridization, expression of Vax1 in the telencephalic SVZ and in the hippocampus, areas where adult neurogenesis occurs in the adult brain.
Vax1 loss of function is associated with precursor cell proliferation and differentiation Our recent study (Taglialatela et al., 2004) has shown that during embryonic development, Vax1 is expressed in the subcortical telencephalon by proliferating cells at different levels and that its expression is sharply downregulated after cellular differentiation; moreover, KI-67 immunohistochemistry shows an expansion of proliferating precursors in the embryonic SVZ (Taglialatela et al., 2004) .
Interestingly, the new findings presented here indicate that Vax1 expression is also maintained in the postnatal brain, specifically in those scarce pools of proliferating precursor cells (Weissman et al., 2001) , strengthening the hypothesis that this putative transcriptional regulator is essential for neural precursor cell proliferation and differentiation.
One of the most striking observations in the telencephalon of Vax1 Ϫ/Ϫ mice is the progressive formation of a greatly enlarged SVZ. By performing in vivo birthdating experiments (Fig. 5) , we show that precursor cells are continuously proliferating both embryonically and postnatally and that they are capable of longterm survival, failing to differentiate correctly. This leads to the formation of the expanded SVZ, densely packed, where apoptosis eventually occurs (Fig. 2 E, F ) . To better understand the nature of this defect, we cultured stem cells in a defined medium that allows the enrichment and the expansion of NSCs at the expense of the transit amplifying population of precursor cells (Gritti et al., 1999; Galli et al., 2002) . Cultured NSCs derived from the LGE of Vax1 mutant mice at E15.5 display a dramatically increased rate of proliferation, ϳ100 times higher than the WT controls (Fig. 6) . In a cultured stem cell pool, the rate of cell expansion is the result of cell cycle length, cell death, and the ratio between symmetric and asymmetric divisions. We have analyzed these three parameters in our culture system and found that, indeed, in the absence of Vax1, there is an increased mitotic fraction of cells in the absence of cell death and cell cycle length alterations. Our interpretation is therefore that Vax1 acts as a potent negative regulator of stem cell proliferation. In the absence of this transcription factor, symmetric divisions are favored, increasing significantly the stem cell pool at the expense of asymmetric divisions, and therefore generating fewer differentiated progenitors.
When we cultured NSCs from P0 instead of E15.5, we obtained proliferation rates that were comparable between wild types and KOs. This result indicates that Vax1 acts primarily as a controller of NSC proliferation at early stages and could be in agreement with the situation found in vivo, in which we observed excessive proliferation of precursor cells (Taglialatela et al., 2004) , but at P0 the number of KI-67-positive cells in wild types and KOs seems to diverge in positioning rather than in number. If this is the case, we could conclude that Vax1 acts as a controller of early stages of SVZ development but that its effects have severe repercussions over the organization of the postnatal SVZ and RMS. It is worth remembering that the lineage relationship between embryonic and postnatal NSCs is not yet clear. For example, multipotent NSCs isolated from the postnatal but not the embryonic SVZ express GFAP, and NSCs exhibit heterogeneous expression of intermediate filaments during development (Imura et al., 2003) , leaving the possibility of a time-dependent role of transcriptional regulators in the NSC lineage.
Emx2 is a homeobox gene related to Vax1. It has also been correlated with an alteration in the type of cell divisions necessary for the self-maintenance of the stem cell compartment in vitro (Galli et al., 2002) . If this gene is deleted, NSC proliferation, analyzed from cultures obtained from the P0 SVZ, is increased, although not as dramatically as Vax1 at E15.5. Therefore, it seems that although Vax1 and Emx2 have the same effect in vitro, their timing of action could be different. It would be interesting to know what happens to the Emx2 mutant SVZ in vivo, although it could be difficult to make precise comparisons at postnatal stages, given the fact that the Emx2 mutants die at birth (Pellegrini et al., 1996; Yoshida et al., 1997).
Of particular interest to us is the fact that in the derivatives of the LGE we observe a dramatic expansion of the ER81 population of precursor cells at mid-embryogenesis (Fig. 4) . ER81 is associated with cellular proliferation, and in particular it was found overexpressed in several breast cancer cell lines. Moreover, it is a target of the transmembrane receptor kinase Her2/Neu (de Launoit et al., 2000; Bosc et al., 2001; Bosc and Janknecht, 2002; Goel and Janknecht, 2004 ) and can activate SMAD7, an inhibitor of the TGF-␤ pathway, which is often affected in several forms of cancer and cellular hyperproliferation (Dowdy et al., 2003) . Therefore, the expanded expression of ER81, in conjunction with precursor cell expansion in the SVZ, seems to be particularly interesting and may highlight a function of VAX1 in the repression of ER81 and possibly a role for Vax genes in tumorigenesis.
The organization of the SVZ and RMS is impaired in
Vax1
Ϫ/Ϫ mice In the presence of an increased mass of ER81-positive precursors, it would be intuitive to expect more cells migrating to the OB, because these precursor cells are normally destined to become granule and periglomerular cells. Instead, Vax1 Ϫ/Ϫ OB are severely hypoplastic (Fig. 3) . All of the data presented here favor the hypothesis that OB hypoplasia is a consequence of the lack of precursor cell migration from the expanded SVZ to the OB (Fig.  8) , although some migration occurs from the peripheral areas of the expanded zone (Fig. 8 H) . This fact raised the question whether the defect observed in Vax1 mutants is of a cell autonomous or cell nonautonomous nature. To directly address this issue, we have performed grafting experiments in organotypic slice cultures. When we transplant Vax1 Ϫ/Ϫ ;GFP ϩ/Ϫ cells into a P0 WT SVZ, within 36 -72 hr we observe a significant stream of migrating neuroblasts directed toward the OB. This indicates that mutant cells from the donor SVZ are capable of migration in a WT environment, therefore suggesting a defect of a cell nonautonomous nature. We also performed the converse experiment, in which WT SVZ cells were transplanted into a P0 SVZ, showing that migration is not only greatly reduced but also disorganized and not specifically directed toward the OB. The transplant experiments support the anatomical and molecular analysis, both at a cellular and ultracellular level , and point toward a major role for Vax1 in the organization of the postnatal SVZ and RMS.
Our current working hypothesis on the function of Vax1 in SVZ proliferation and differentiation is that Vax1 acts as a negative regulator of stem cell proliferation, mainly at midembryogenesis. In the absence of this protein, the increased number of symmetric divisions of stem cells occurs at the expense of more differentiated progenitors, impairing the timely assembly of the neurogenic niche, therefore affecting postnatal neurogenesis and tangential migration. Because our transplant experiments show that Vax1 Ϫ/Ϫ cells are capable of migration toward the OB in a correctly formed RMS, we raise the possibility that the migration defect is secondary to the aberrant proliferation and differentiation. In this respect, it will be highly interesting to study a Vax1-inducible mouse mutant that would allow embryonic development to occur correctly, ablating Vax1 function only postnatally in the SVZ.
